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Methods were only available to achieve part of those objectives and the biochemical complexity was considerable. The method of Norymberski was proving valuable for the estimation of some corticoid metabolites, as evidenced by the data presented on the patient with hypopituitarism and as shown by results obtained in the study of scurvy (Prunty, F. T. G., Clayton, B. E., McSwiney, R. R., and Mills, I. H., 1954, Ciba Foundation Colloquia on Endocrinology, London; 8, 324) . This study had shown the value of histological examination of the lipid of the fasciculata as pointed out by Dr. Currie and Professor Symington. In guinea-pigs in which there was an increase of adrenal secretion as a result of acute scurvy it was possible to find almost complete discharge of the lipid staining. With regard to adrenal cortical activity it had been noticed that in sections of the fasciculata from patients with Cushing's syndrome some areas in sections stained by hiematoxylin and eosin showed columns of cells with little lipid and dark-staining cytoplasm. These were probably secretory cells and between them could be seen sinusoids considerably distended with blood cells. These were recorded as being particularly helpful in assessing the increased activity of the gland.
[ April 25, 1955] Metabolic Disturbances and Infection By RENE' J. DUBOS, M.D., J. MACLEAN SMITH, M.B., and RUSSELL W. SCHAEDLER, M.D.
The Rockefeller Institute for Medical Research New York IT has been shown elsewhere that the life expectancy of tuberculous mice can be consistently shortened by subjecting these animals to treatments which disturb their metabolism (Dubos, 1955a, b) . More recent unpublished findings have revealed that the same treatments increase also the morbidity and mortality in mice infected with Staphylococcus aureus, Klebsiella pneumonia,, Salmonella enteritidis and other bacterial species. The following procedures have been found to decrease consistently the survival time of infected animals:
(a) Feeding thyroxine or dinitrophenol in amounts sufficient to retard the normal weight gain of uninfected controls. The infection-enhancing effect of these two metabolic stimulants is not immediate; it requires at least several days before becoming manifest.
(b) Adding 1 % sodium citrate or glutarate (but not lactate) to the diet. The infectionenhancing effect of citrate or glutarate is particularly striking in diets deficient in fats and protein.
(c) Fasting the animals for thirty-six to forty-eight hours immediately before or after infection. This effect is reversible, the animals recovering their normal state of resistance within forty-eight hours after having been returned to a complete diet ad lib. In contrast, the course of infection is not aggravated in mice prevented from gaining weight by limiting to a low, but constant, level, either their total food intake, or the protein content of their diet (Table I) . In the first phase of this study, the only criterion used to determine the effects of dietary and metabolic factors on susceptibility to infection was the survival time of infected animals. Experiments have since been conducted to determine whether the animals on the infectionenhancing regimens die more rapidly than the controls because their tissues provide an in vivo environment more favourable for bacterial growth, or because they are more susceptible to the toxins produced by the bacteria.
In order to study the fate of the microbial population in vivo, known numbers of micro-organisms were injected intravenously into mice and the animals were sacrificed at intervals of time. The numbers of living organisms present in the blood, spleen, kidney, liver and lungs were then determined by culturing graded dilutions of blood or of organ homogenates on appropriate culture media. In mice infected with virulent tubercle bacilli or B.C.G. and subjected later to nutritional or metabolic disturbances, an increase in the number of mycobacteria over that recovered from normal animals can be detected within four to seven days after initiation of the disturbance. In reality, however, the length of this latent period does not provide an adequate picture of the dynamics of the phenomenon. It is an expression of the slow rate of multiplication of tubercle bacilli rather than of the character of the tissue response. This can be shown by using as infectious agents bacteria potentially capable of multiplying rapidly in vivo, for example Ki. pneumonia or Staph. aureus. Table II infection in order to determine the numbers of bacteria present in their organs. Some of the animals received no food during the forty-eight hours that preceded infection except for the fact that their drinking fluid consisted of 5 % glucose in saline. The controls were fed continuously a complete diet (pellets) ad lib. It can be seen that an incubation period as short as twelve hours was sufficient to allow the multiplication of immense numbers of bacteria in the various organs and in the blood of the fasted mice. In contrast, infection had not progressed in the control animals at that time.
Other aspects of the comparative dynamics of the infectious process in normal and fasted animals are revealed by a study of the results presented in Table IH . In this experi- Animals were fasted for 2 days before infection, and were given either saline, or 2 % sodium lactate, or 5% glucose in saline as drinking fluid. t Numbers to be multiplied by 1,000. ment 0-1 ml. of a coagulase-positive culture of Staph. aureus was injected by the intravenous route, and the animals were sacrificed at various intervals of time after infection. It is seen that the cocci disappeared progressively from the liver (and spleen) of the animals fed continuously a normal diet ad lib., whereas they persisted and eventually gave rise to an overwhelming infection in the animals that were fasted or fed an incomplete diet. Administration of glucose in the drinking fluid aggravated the effect of fasting.
The results presented in Tables II and III are typical of those obtained in many similar experiments and suggest that the low resistance to infection exhibited by the animals on inadequate regimens is due in part to a failure of the bactericidal power of their organs. A similar mechanism appears to account for the enhancement of staphylococcus infection in mice caused by treatment with thyroxine (Table IV) . Two facts, however, suggest that interference with the clearing power of the organs is not the only mechanism through which metabolic disturbances can decrease resistance to infection. On the one hand there is no evidence that mouse tissues possess any bactericidal power for virulent tubercle bacilli, as shown by the fact that progressive infection can be established in normal mice by injecting them intravenously with extremely small doses of these organisms (10-7 ml. of culture). Yet tuberculous infection runs an accelerated course in mice fasted for forty-eight hours, or subjected to various types of metabolic disturbances. On the other hand, we have found that many of the regimens which enhance bacterial infections also increase the susceptibility of mice to the endotoxins of Gram-negative bacilli or of tubercle bacilli (Tables V and VI) . It is clear therefore that metabolic disturbances can modify the infectious process by affecting determinants of the host-parasite relationship other than the bactericidal power of tissues. Whatever its mechanism, the increase in susceptibility of mice to infection brought about by fasting is transient, the animals recovering their normal state of resistance forty-eight hours after being provided pellets or Sherman diet ad lib. This remarkable reversibility of the infection-enhancing effect of fasting provides an experimental approach to the study of the nutritional determinants of susceptibility and resistance. Some of the preliminary results so far obtained permit the following general statements. Animals given glucose ad lib. either in the drinking fluid, or in gelatin cakes, with no other dietary constituent, proved more susceptible to infection than those receiving water or saline alone. Susceptibility was even greater when the glucose was supplemented with a complete salt mixture, inositol, all the known vitamins (water-soluble and fat-soluble), oil, and a number of different amino acids. Similarly, feeding casein alone, or casein with minerals and a complete vitamin mixture, failed to correct the effect of fasting. Susceptibility was always high when casein was replaced by a mixture of all essential amino acids in the diet even when the latter contained all other known essential growth factors. As far as can be judged at the present time, the metabolic disturbances which increased the susceptibility of mice to bacterial infection also increased their susceptibility to endotoxin. DISCUSSION We shall not attempt to discuss here the biochemical reactions through which metabolic and physiological disturbances can affect resistance to infection. But whatever the nature of the fundamental mechanisms responsible for this effect, some conclusions of biological interest appear justified.
It is clear that the cases of enhancement of infection described in this report are independent of ordinary immunological mechanisms. This is evident from the fact that huge differences can be recognized between the numbers of bacteria present in the tissues of normal and fasted mice within a few hours after injection of Friedlander bacilli-long before an immune response could have taken place.
We have repeatedly observed that, in mice subjected to metabolit disturbances, the liver is the organ which exhibits the most profound decrease in bactericidal power and the most extensive multiplication of bacteria. As is well known, there is much evidence that the bactericidal power of the body for bacteria, and its resistance to the endotoxins of Gramnegative bacilli, reside in the cells of the reticulo-endothelial system (Beeson, 1947) . It is not unlikely, therefore, that metabolic disturbances decrease resistance to infection through their effect on this system. The fact that the LD50 (by intravenous injection) of staphylococci and Friedlander bacilli can be dramatically reduced by subjecting mice to these disturbances suggests that the ability of the animals to dispose of injected bacteria is directly involved. Loss in the ability of the reticulo-endothelial cells to deal with bacterial toxins may also aggravate the toxic manifestations of the disease and indirectly activate the progress of the infection.
I recognize that the experimental infections used in this study, and the metabolic disturbances superimposed upon them, constitute artificial laboratory models which may not have any exact counterpart in disease as it occurs in Nature. Nevertheless, I believe that some of the findings which have been reported here have a bearing on epidemiological and pathological problems. They illustrate for example that susceptibility to infection can change rapidly and reversibly independently of the immunological state of the exposed individual, merely as a response to physiological stresses of the type encountered in everyday life. This knowledge provides an operational approach to the problem of "natural resistance" and points to the fact that infection and disease may be controlled by unrelated determinants.
It is well known that increased susceptibility to infection is the consequence of many forms of physiological misery. The individual depleted by trauma or shock resembles the fasted mouse in his reduced ability to restrain the multiplication of bacterial agents, or to overcome the action of their toxins (Fine, 1954) . The findings in mice suggest that this depletion and the accompanying susceptibility. may not be corrected by providing a large caloric intake or even by administering sugar-vitamins-amino-acid mixtures. The factors essential for growth, reproduction and other normal physiological processes are not necessarily the ones most important in determining receptivity to infectious agents and resistance to the diseases that they cause (see, for example, Table 1 ). The two latter properties are controlled, not by what is good for the host considered as an isolated system, but rather by the determinants of host-parasite relationship. It is even possible that receptivity to infection, and resistance to disease, are two different characteristics with independent mechanisms. CONCLUSIONS The susceptibility of mice to experimental bacterial infections can be increased consistently by a variety of procedures designed to disturb animal metabolism.
These infection-enhancing procedures express themselves in higher morbidity and mortality, shorter survival time, larger bacterial populations in the various organs (particularly the liver), and increased susceptibility to endotoxins of Gram-negative bacilli and tubercle bacilli.
The infection-enhancing effect of fasting becomes manifest within thirty-six hours and can be rapidly corrected by feeding a complete natural diet ad lib. In contrast, it is further aggravated when glucose, or an incomplete diet, is given to the animal during the fasting period. It could not be corrected by feeding a diet containing sugar, fat, minerals, all known vitamins, and all essential amino acids, for five days before challenge with living bacteria or toxin.
These findings are discussed with reference to their biological mechanisms and to their bearing on various epidemiological and pathological problems.
Professor A. A. Miles: I want to comment on two aspects of the analysis of the infective lesion so admirably discussed by Dr. Dubos; firstly, the importance of study of the early stages of infection, and secondly the importance of the "physiological" as well as of "biochemical" analysis. The early stage deserves especial study because reactions in this period determine everything-local suppression, extension or generalization of the infection -that follows the primary lodgement. The later stages, when characteristic lesions are established, tell us only what the body does to win the second round of the contest, obviously having lost the first round in the primary lodgement and having permitted the invaders to get a foothold.
The physiology of the early stages at present is largely concerned with the vascular consequences of local infection. When washed suspensions of moderately virulent bacteria are injected intradermally in the guinea-pig, they produce their maximum effect in twentyfour to forty-eight hours in local lesions whose size is dependent on the dose. These local infections can be enhanced by the simultaneous injection of various drugs. Of those drugs adrenaline is one of the most useful, since it can be used in doses that have no effect on the bacteria in vitro, or on the bactericidal action of blood, and that do no lasting damage to the tissue. A dose of 2 ,ug., which grossly diminishes the local blood supply for two and a half hours, enhances the infectivity of bacteria from 10to 10 million-fold, according to the species and strain tested. The degree of enhancement is not important as such, but a deduction of some importance may be made from it. Thus, a 100-fold enhancement indicates that the local defensive reactions that are inhibited by a simple two and a half hours decrease in blood supply, are clearly worth a 99 % "kill" of the bacteria introduced.
By a slightly different intradermal technique, we can measure the period during which this local initial "kill" is most effective. A series of injections is made, and the adrenaline injected into the same sites when the lesions are 0, 1, 2, 3 ... &c. hours old. The lesion finally developing at the site given simultaneous adrenaline and bacteria is greatly enhanced; but lesions that are four hours old at the time of adrenaline superinjection prove to be insusceptible to adrenaline enhancement. In other words, there is a decisive period of four to five hours when this initial "kill" takes place; the ultimate maximum size of the lesion is determined at this stage. This decisive period of four to five hours or less obtains with, e.g., Group C streptococcus, Staph. aureus, C. diphtheriw, C. ovis, Cl. welchii and E. coli. As my former colleague Dr. A. C. Dutton has shown (unpublished), the same phenomenon occurs in mice subcutaneously infected with bacteria that ultimately produce bacteriemic death. Thus, adrenaline enhances the ultimately lethal effect of subcutaneous Group C streptococcus to well over 100-fold; but, put into local streptococcal lesions when they are four hours old, it has no effect. Here again, the local reaction, which determines death about five days later, is decisively effective within the first four hours.
The same decisive period is found when other local modifiers are used, and when local skin lesions are enhanced by the induction of generalized shock. Thus, lesions initiated during a period of shock are greatly enhanced; the final size of lesions that are four hours old before shock is induced is not affected by the shock. The uncovering of a highly effective "kill" in early bacterial lesions and of a decisive period was made with rapidly growing organisms-e.g. streptococci, staphylococci, coliforms, clostridia, corynebacteriaall of which in their various ways are rapidly dealt with by the anti-bacterial substances and cells in the tissues. With slowly growing organisms, which are less immediately susceptible, the effects are different. With the vole bacillus, e.g. whose lesions come to maturity in ten days, the "kill" in the first few hours is 60-70%, and the decisive period is longer than eight hours. Nevertheless, a dose of the anti-complementary substance liquoid, whose effect lasts only a few hours in the tissues, is sufficient to enhance the infectivity of the vole bacillus, estimated in lesions read ten days later, by well over 50-fold.
When attempts are made to enhance the vole bacillus with liquoid in the allergic animal, at ten days the lesions, compared with those in the normal animal, are enhanced to a degree far greater than that produced by liquoid. This is evidence, as far as the local lesion is concerned, of the ill-effects of allergy in defence. A further analysis, however, is possible.
Tuberculin allergy has an acute anaphylactic component, in addition to the delayed reaction. When tuberculin is injected, there is an immediate increase in capillary permeability, which in amount and duration is very like that induced by histamine and by globulin permeability factors (Wilhelm et al., 1955) present in guinea-pig serum. We may suppose that when tubercle bacilli make their primary lodgement in an allergic animal, in addition to promoting the disadvantageous delayed type of reaction, they might promote an immediate exudation of blood fluids; and this exudate might be useful in defence. The point can be tested by measuring the effect of small, permeability-increasing doses of histamine, or of the serum permeability factor, on the results of intradermal injections of the vole bacillus in normal animals. When this is done a 3-to 5-fold depression of infectivity occurs. It cannot at present be said whether this is due to the exudation of bactericidal substances acting locally, or to the removal of the injected bacilli to the lymphatics and the circulation, as a result of increased movement of fluid in the tissues. Nevertheless, as a result of such immediate anaphylactic type of exudation, there is apparently a 67-80 % "kill" of the injected bacteria (Miles, 1955) . This is not numerically a very striking result, but it is not incompatible with the view that in a very restricted zone of circumstances, the primary lodgement of tubercle bacilli in allergic tissues might be removed or destroyed more rapidly than in normal tissues; and this would be beneficial, provided that the local survivors were not numerous enough to take advantage of the decrease of resistance that delayed allergy apparently imposes on the tissues. REFERENCES MILES, A. A. (1955) Bacterial infection is a cause of "stress" which induces adrenocortical stimulation associated with a profound change in hormone balance in the rat (Selye, 1937) and, at least, adrenocortical stimulation in man. The guinea-pig responds to "stress" like man, is readily sensitized to tuberculin, and produces antitoxin that quantitatively and qualitatively resembles that produced by man.
Large doses of cortisone (50 mg./kg. for ten days) induced loss of body weight and suppression of gamma globulin and antitoxin synthesis in the rat, mouse, rabbit and ferret; they lacked this effect in the rhesus monkey and the guinea-pig. The animals named fall into two groups. The guinea-pig and monkey, like man, are resistant to the pharmacological effects of cortisone; they resemble man in response to bacterial infection and, in addition, are unable to synthesize ascorbic acid. There is evidence that resistance to cortisone, response to bacterial infection and metabolism of ascorbic acid are closely interrelated (Long, 1954 (Long, , 1955 .
Thyroxine-treated guinea-pigs were more sensitive to intradermally injected tuberculin (Long et al., 1951; Long and Shewell, 1954) and produced more diphtheria antitoxin than control animals. Cortisone depressed sensitivity to tuberculin in both thyroxine-treated and control guinea-pigs (Long et al., 1951) , but was without significant effect on antitoxin synthesis. Insulin increased sensitivity to tuberculin (Cornforth and Long, 1953) , but owing to the compensating phenomenon induced, a direct study of the effect of insulin on antitoxin production could not easily be made. However, partial pancreatectomy abolished both hypersensitivity (Long and Shewell, 1954) and hyperimmunity resulting from treatment with thyroxine (Long and Shewell, 1955) .
The relative degrees of immunity and hypersensitivity in any one animal at a particular time is probably decided by the balance between output of insulin and cortisone. This balance is influenced by the activity of other endocrine glands, notably the thyroid.
Dr. G. G. Meyneli: Some Factors Affecting the Resistance of Mice to Oral Infection by Salm. typhi-murium. The other speakers have discussed systems in which resistance to a bacterial pathogen depends on the activity of the host tissues. I should like to give some details of a system in which resistance is almost entirely governed by the activity of the normal gut flora.
When one measures the numbers of a virulent strain of Salm. typhi-murium needed to kill half a group of mice, one finds that 10 or less bacilli are needed by intraperitoneal injection and a million or more when the organisms are given by mouth. Two possible causes for this difference are the bactericidal action of the stomach acid and the presence of the normal gut flora. Fig. 1 shows pH plotted against the time taken to kill 99°% of a suspension of Salm.
typhi-murium in the stationary phase of growth. The pH was controlled by either hydrochloric acid or a citric acid-phosphate buffer. As can be.seen, killing was almost instantaneous below pH 2 and negligible over pH 3. Without knowledge of the stomach emptying-time, it is hard to know to what extent the gastric acidity protects. The stomach contents of about half the mice examined post mortem had a pH of 1 to 2 and these mice might be expected to have been protected to some extent.
Another mechanism of protection against infection by mouth that has been much discussed is the effect of the normal gut flora on ingested organisms. It would be reasonable to expect that, if the protective role of this flora was of much significance, treatment with antibacterial drugs would cause marked changes in susceptibility to infection. So far as I know, this has been tested experimentally only by Bohnhoff et al. (1954) , using streptomycin. My results are an extension oftheirs, also using streptomycin but with different methods and a more virulent challenge strain. My findings completely confirm their observations.
The experiments were performed as follows: All doses of either streptomycin or organisms were given in 0-2 ml. liquid through a fine polythene catheter passed down the cesophagus. On the first day of the experiment each mouse in the test group was given a dose of streptomycin and the control group the same volume of normal saline. On the following day, both groups of mice were challenged with a suspension of organisms in saline. The organism used was a highly streptomycin-resistant variant of a virulent strain of Salm. typhi-murium. This variant grows as well on MacConkey medium containing 200 jig. streptomycin per ml. of agar as on blood agar, whereas the normal gut flora is almost completely inhibited during eighteen hours' incubation at 370 C. Fig. 2 shows the numbers of Salm. typhi-murium recovered from the stomach, small intestine and large intestine of normal and of streptomycin-treated mice at various times after challenge. In both groups at five hours a fraction of the dose can be recovered from the large gut; some may have already been evacuated in the fxces. Thereafter in the normal mice none can usually be found until five to six days after challenge, when frecal excretion begins in fatally infected mice. In the streptomycin-treated animals, on the other hand, the viable count increases throughout the gut and reaches 109 in the large gut by the second day after challenge. The effect of streptomycin on the normal gut flora was also examined. The changes in all the various species normally present were not determined accurately but it can be said that twenty-four hours after the streptomycin had been given, the aerobic Gram-negative bacilli, such as the coliforms, have been eliminated from the cecum. The changes in the population of anaerobes seem to be more variable. Lactobacilli and obligatory anaerobic Gram-negative bacilli usually seem to be slightly reduced and the numbers of anaerobic streptococci may increase. Similar findings have been reported during the pre-operative treatment of surgical patients.
The lethal consequences of streptomycin treatment are shown in Table I . This shows the mean number of organisms given to each animal and the proportion of animals killed by each dose. The effect of streptomycin was tested in two batches of mice which differed genetically and in age. Those used in the top titration were also used as controls. It can be seen that the LD50 was not reached in the normal mice, even with a dose of more than a million organisms, but that when these mice were given streptomycin before challenge, the LD50 was reduced to less than 5 organisms. These mice clearly did not benefit a great deal from their stomach acid, probably because the method of challenge rapidly filled the stomach with liquid which at once began to pass into the duodenum.
The question arises if these observations have any application to clinical practice. A recent experiment showed that a dose of 1 6 mg. of streptomycin allowed a dose of 1,000 salmonella to proliferate in the gut of about half the mice tested. On a weight for weight basis, this corresponds to a single dose of 5 25 grams given to a 70 kg. man so it seems quite possible that patients treated with repeated smaller doses of streptomycin by mouth would be unusually susceptible to infection by a pathogen that was streptomycinresistant. One can certainly meet examples of this phenomenon in animal populations. Recently, there was an outbreak of Salm. enteriditis infection in our mouse stock and it was decided to control this by putting Terramycin in the drinking water not only of the mice but also of the guinea-pigs, which up to then had not been infected. Deaths from salmonella infection soon stopped but almost at once more animals, including guinea-pigs, began to die from a generalized infection with a strain of proteus that was resistant to Terramycin. This secondary epidemic was ended in turn by stopping the Terramycin. the Physiological and British Pharmacological societies at the Wellcome Foundation, London (see Brit. med. J., 1955 Brit. med. J., , i, 1024 no satisfactory explanation of the function of histamine in the body was offered despite its wide distribution in the tissues, except that it may mediate the secretion of gastric juice.
In the experiments Professor Miles has described, an injection of histamine along with bacteria made the area of the resulting skin lesion in guinea-pigs smaller than when bacteria were injected alone. Does Professor Miles consider that the histamine naturally present in the skin may have an anti-infective function ? What is the effect of injecting specific histamine-releasers along with bacteria in the type of experiment that he has described? Professor A. A. Miles (in reply to Dr. Collier): It is difficult to say categorically whether the histamine naturally present in the skin has an anti-infective function, but I know of no evidence that points necessarily to this conclusion. The tests we have made with the histamine-releasing compound 48/80 on local infections do not point one way or the other.
Professor R. Cruickshank mentioned some unpublished experiments by B. Moore (1954) showing that guinea-pigs were more susceptible to salmonella if challenged by the conjunctival route than by mouth. Dr. Meynell replied that those observations might explain a puzzling feature of oral infections, namely, that it was almost impossible to kill vaccinated mice with a single dose of salmonella given by mouth whereas Topley had shown that such mice eventually die when left in an infected herd. This suggested that if the mice were infected by mouth under natural conditions, their resistance was subject, to severe fluctuations. Dr. R. J. Dubos, in reply, said that the experimental facts and points of view presented at the Meeting appeared at first sight unrelated to each other, and far removed from the problems of infection in nature. Yet, they all reflected a common pre-occupation, having a direct bearing on human disease. They were all concerned with attempts to define the tissue factors-other than those depending on specific acquired immunity-which determined the early response of the body to microbial agents. The very fact that the early response could be altered profoundly and at will by procedures as different as fasting or abnormal diet, injection of adrenalin or liquoid, treatment with steroid hormones, or alterations of the intestinal flora, was perhaps the most important concept that had emerged from the discussion. It illustrated that the state of susceptibility could change from day to day, indeed from hour to hour, in response to all the stimuli-physical, chemical, physiological or emotionalwhich constituted the total environment.
